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Here we examine the expression of transcription factors GATA-2 and GATA-3 during early stages of embryonic
development in the central nervous system (CNS) of the mouse. GATA-2 is expressed as early as 9 dpc in the hindbrain, in
ventral rhombomere 4, and transiently in ventral rhombomere 2 (r2). From 9.5 to 11.5 dpc, activation of the gene spreads
to many sites of early neuronal differentiation, such as the olfactory bulbs, the pretectum, and the oculomotor nucleus in
the midbrain, a thin stripe of cells lining the floor plate from the mesencephalon to the cervical spinal cord and a ventral
column of cells spanning the neural tube from rostral hindbrain and including motor neuron as well as ventral interneuron
precursors. GATA-3 is expressed in a pattern very similar to that of GATA-2. Distinguishing features are the lack of
expression in r2 at 9 dpc and a slight delay in its activation. In addition, GATA-2 is activated in both the ventricular and
the subventricular zones of the neural tube, whereas GATA-3 is restricted mainly to the subventricular zone. Expression
nalyses performed on GATA-2 2/2 mouse embryos between E9.5 and 10.5 dpc established that: (i) the expression of
ATA-3 in the developing CNS of the mouse embryo is dependent on the presence of GATA-2 and (ii) loss of GATA-2 leads
o severe defects in neurogenesis, which strongly suggests that GATA-2 is involved, as in hematopoiesis, in the
aintenance of the pool of ventral neuronal progenitors. © 1999 Academic Press
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iINTRODUCTION
During vertebrate embryogenesis specification and diver-
sification of neural cells are induced mainly by signals
emanating from tissues surrounding the differentiating
neural plate. Environmental signaling has been shown to
underlie the polarization of the neural plate, thereby defin-
ing both the anteroposterior and the dorsoventral axes.
Hence, integration of positional information received by
neuroepithelial cells determines the fate of such cells (for
review, Lumsden and Krumlauf, 1996; Tanabe and Jessel,
1996).
1 To whom correspondence should be addressed at CNRS URA
2115, CHU Pitie´-Salpeˆtrie`re, 105 Boulevard de l’Hoˆpital, 75 634
Paris Cedex, France. Fax: (33) 1 53 60 08 02. E-mail: nardelli@(idf.ext.jussieu.fr.
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All rights of reproduction in any form reserved.The axial mesoderm or notochord participates in dorso-
entral patterning of the neural plate (Yamada et al., 1991).
uch a role is mediated by the secreted factor Sonic hedge-
og (Shh) (Roelink et al., 1994) and the subsequent estab-
ishment of a concentration gradient in the ventral neural
late (Roelink et al., 1995). The most ventral and medial
euroepithelial cells are submitted to the highest concen-
ration of Shh and differentiate into floor plate, which in
urn becomes another source of Shh production and hence
cquires polarizing activity equivalent to that of the noto-
hord (Placzek et al., 1991; Yamada et al., 1993). Lower Shh
oncentrations are required for specification of motor neu-
ons and especially ventral interneurons (Ericson et al.,
996; Roelink et al., 1995). Moreover, Shh controls the
ifferentiation of dopaminergic and serotoninergic neurons
n ventral mesencephalon and hindbrain, respectively
Hynes et al., 1995).
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306 Nardelli et al.Molecular cascades induced downstream of the Shh
signaling pathway include the activation of different
classes of transcription factors, which regulate prolifera-
tion, survival, and/or differentiation of subpopulations of
neural progenitors. Such transcription factors include
ngn-2 and ngn-3, two bHLH proteins encoded by proneu-
ronal genes of the atonal family (Sommer et al., 1996;
Gradwohl et al., 1996); NKX homeoproteins such as
Nkx2.1, Nkx2.2 (Price et al., 1992; Hartigan and Ruben-
stein, 1996), and Nkx6.1 (Qiu et al., 1998); Pax-6 (Ericson
et al., 1997; Osumi et al., 1997); and NMR2 (Tanabe et
al., 1998). Some of these transcription factors, such as
Pax-6, Nkx2.2, and NMR2, are involved in specification
of motor neuron subtypes. Indeed, Nkx2.2-expressing
cells give rise to visceromotor neurons (Ericson et al.,
1997), while expression of Pax-6 (Ericson et al., 1997;
Osumi et al., 1997) and NMR2 (Tanabe et al., 1998) has
been associated with the differentiation of somatomotor
neurons. All these proteins are activated early all along
the longitudinal neuroaxis in progenitors of motor neu-
rons, prior to exit from the cell cycle.
Further commitment in the neuronal differentiation
pathway and the generation of motor neuron subtypes
involves transcription factors of the LIM family. Isl-1 is
activated in all motor neuron precursors as they exit the
cell cycle and is required for their differentiation (Ericson
et al., 1992). Other members of the family, Isl-2, Lim1,
and Lim3, are differentially expressed in motor neuron
precursors at distinct levels of the neuraxis. The LIM
code resulting from the combined expression of LIM pro-
teins defines the topographic organization of motor neu-
rons both in the hindbrain and in the spinal cord (Varela-
Etchevaria et al., 1996; Tsuchida et al., 1994; and for
review Lumsden, 1995; Pfaff and Kintner, 1998). Al-
though evidence has been provided for the influence of
retinoids (Sockanathan and Jessell, 1998) and paraxial
mesoderm (Matise and Lance-Jones, 1996; Ensini et al.,
1998), limited information is available on molecular cas-
cades which govern sequential activation of LIM proteins
in motor neuron precursors.
Members of the LIM family are also expressed in inter-
neurons (Matise and Joyner, 1996; Pfaff et al., 1996). The
generation of ventral subpopulations of interneurons,
which are characterized by expression of En-1 and Dbx-1
(Matise et al., 1997; Shoji et al., 1996), requires expression
of Isl-1 and differentiation of motor neurons (Pfaff et al.,
FIG. 1. In situ hybridization analysis of GATA-2 (A, C, E, G) and G
9.5 dpc (C, D) or whole dissected neural tubes at 10.5 (E, F) and 11.
(r) 2 and 4, whereas GATA-3 (B) expression is not detected in th
mesencephalon in the presumptive common oculomotor nucleus,
now also expressed. At 10.5 dpc, GATA-2 (E) and GATA-3 (F) are
oculomotor nucleus, and in a ventrolateral column spanning the h
extends to the floor plate from its rostral limit to r4, while ventral e
dpc, expression of GATA-2 (G) and GATA-3 (H) is maintained in
common oculomotor nucleus; ob, olfactory bulbs; ov, otic vesicle; pt, p
Copyright © 1999 by Academic Press. All right1996). Both ventral interneurons and motor neurons may
arise from the same pool of Pax-6-expressing progenitors by
exposure to different Shh concentrations (Tanabe et al.,
1998). Molecular mechanisms by which motor neurons
control the generation of ventral interneurons are incom-
pletely understood. Therefore, identification and functional
analysis of additional molecular effectors expressed in both
types of neuron precursors may help uncover these mech-
anisms.
In this study we describe the expression of transcription
factors GATA-2 and GATA-3, two members of the GATA
family (Tsai et al., 1994; George et al., 1994), during early
stages of development of the central nervous system (CNS)
in mouse embryos. The expression of both genes has been
previously observed in neural cells during development
(Groves et al., 1995; George et al., 1994), but no detailed
expression pattern in the mouse developing CNS has been
reported. Our data provide the first evidence for their
expression in ventral neural precursors and suggest that
both genes play a significant role in the differentiation of
certain motor neuron progenitors and, probably, of ventral
interneurons. Moreover, they provide evidence that the
expression of GATA-3 in the CNS is dependent on
GATA-2.
MATERIALS AND METHODS
Mice and Collection of Embryos
Heterozygous GATA-2-mutant mice (GATA-2 1/2) (Tsai et
l., 1994) were maintained on a C57Bl6 background. Genotyping
f animals and embryos was determined by PCR on genomic
NA, extracted either from tails or from yolk sacs. PCR condi-
ions and primers were as described (Tsai et al., 1994). Staging of
mbryos was established by considering midday of the day of the
ppearance of the vaginal plug 0.5 day of gestation or 0.5 day
ostcoı¨tum (dpc). Embryos were collected in PBS, immediately
xed in 4% paraformaldehyde (PFA) at 4°C for a few hours,
insed in PBS, gradually dehydrated in methanol, and stored at
20°C until use.
RNA in Situ Hybridization and
Immunohistochemistry
Antisense RNA probes labeled with UTP–digoxigenin (Boeh-
ringer Mannheim) were synthesized according to the manufactur-
er’s instructions. A 59 700-bp portion of GATA-2 cDNA, not
-3 (B, D, F, H) expression on whole-mount embryos at 9 (A, B) and
(G, H). At 9 dpc GATA-2 (A) is activated in ventral rhombomeres
ural tube. At 9.5 dpc, GATA-2 (C) expression appears in ventral
pears in r2, but is maintained strongly in r4, where GATA-3 (D) is
h activated in olfactory bulbs, in the pretectum, in the common
rain and the spinal cord; in the case of GATA-2, this later domain
sion of expression is seen only in r4 in the case of GATA-3. At 11.5
olfactory bulbs, the pretectum, and the oculomotor nucleus. nIII,ATA
5 dpc
e ne
disap
bot
indb
xten
theretectum.
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308 Nardelli et al.including the finger domains, was used as probe. The GATA-3
probe included the full-length cDNA; the Shh probe spanned
nucleotides 120–762 of the cDNA and the Isl-1 probe nucleotides
477–832 of the rat Isl-1 cDNA. The Nkx2.2 and Nkx6.1 probes
ere 2.1 and 1.2 kb, respectively. The ngn-2 probe corresponded to
he 1.2-kb 59 portion of the cDNA.
RNA hybridization was performed on whole embryos between
.5 and 9.5 dpc and on dissected neural tubes of 10.5- to 11.5-dpc
mbryos. Embryos and neural tubes were treated and hybridized
ccording to Wilkinson (1992). Following in situ hybridization,
indbrains were dissected out, opened along the dorsal midline,
nd flat-mounted in 80% glycerol in PBS. Ten- to twenty-
icrometer transverse cryosections were cut from the anterior
iencephalon to the caudal end of the spinal cord.
Neural tubes from 10.5-dpc embryos, previously hybridized
ith a GATA-2 antisense probe, were further processed for im-
unostaining with the K5 anti Isl-1/Isl-2 rabbit antibodies. The
eural tubes were successively incubated 3– 4 h in PBS–10%
etal calf serum (FCS), then overnight with K5 antibodies diluted
to 2000 in PBS–1% FCS. Following several washings in PBS,
he neural tubes were incubated with horseradish peroxidase-
oupled anti-rabbit IgG antibodies (Biosys) diluted 1 to 200 in
BS–1% FCS, then washed in PBS for several hours. Peroxidase
ctivity was revealed with 2.5 mg/ml DAB and 0.03% H2O2 in
ris–HCl, 0.1 M, pH 8.0.
To perform immunostaining of neurofilaments on whole 10.5-
pc fixed embryos the 2H3 mouse monoclonal antibody (Develop-
ent Studies, Hybridoma bank), directed against the 160-kDa
eurofilament protein, was used at the 1:5000 dilution as described
reviously (Schneider-Maunoury et al., 1993).
Analysis of the expression of each marker was performed on at
east five GATA-2-mutant embryos at each stage studied. Control
xperiments were systematically carried out with littermate wild-
ype embryos.
Retrograde Labeling
Embryos at 10.5 dpc were fixed in 4% PFA. Carbocyanine dye
DiI (Molecular Probe) was used as a tracer at a final concentration
of 5 mg/ml in dimethylformamide. DiI pressure injections were
made at the rhombomere 2 (r2) and r4 exit points under a dissecting
microscope. Injected embryos were kept 24–48 h in the dark at
room temperature. Hindbrains were then dissected and flat-
FIG. 2. In situ hybridization analysis of GATA-2 (A, B, C) and
and 11.5 dpc (C, F). (G) 10.5-dpc hindbrain first hybridized with
protein. (H) Isl-1 hybridization in an 11.5-dpc hindbrain. After in
flat-mounted, rostral side up (see Materials and Methods). At 9.
ventral column of cells, while GATA-3 (D) is activated in r4 only
of cells lining the floor plate and a more lateral column, which ab
of expression is more ventrally restricted than that of GATA-3
much fainter expression close to the floor plate from the r1/r2 b
the ventral column of motor neuron precursors, which extends
expression coincides with that of GATA-2 in r4, but extends mor
(C) and GATA-3 (F) remain expressed ventrally downward from
narrow domain of activation of both genes close to the floor pla
of GATA-2 and gradually from r6 in the case of GATA-3. Ro
culomotor, trochlear, and trigeminal nuclei. The gene is stron
hich have begun to migrate from ventral r4 to r6, and in the lo
III, common oculomotor nucleus; nIV, trochlear nucleus; nV, trigem
Copyright © 1999 by Academic Press. All rightmounted. Labeling was observed under a Leitz epifluorescence
microscope using a rhodamine filter.
RESULTS
Expression Patterns of GATA-2 and GATA-3 in the
Mouse Embryonic CNS
We performed our analysis of GATA-2 and GATA-3
expression in the CNS on 8.5- to 11.5-dpc mouse embryos.
GATA-2 expression is first observed at 9 dpc (15–20
somites), when it is detected ventrally in the hindbrain,
both in r2 and in r4. GATA-3 transcripts are not detectable
in the neural tube at this stage (Figs. 1A and 1B).
By 9.5 dpc (25–30 somites), the ventral expression domain
of GATA-2 is maintained in r4, but extinguished in r2.
Weak expression is observed in the ventral mesencephalon,
in the presumptive common oculomotor nucleus (nIII), and,
in addition, in a ventral column of cells, from the rostral
hindbrain to the caudal spinal cord (Figs. 1C and 2A). At an
equivalent stage, clear activation of GATA-3 is observed
only in ventral r4 (Figs. 1D and 2D).
Later on, GATA-2 is expressed in the olfactory bulbs,
in the pretectum, and in the nIII (Figs. 1E and 1G). Acti-
vation in the ventral column of cells is markedly in-
creased, from the mesencephalon/metencephalon (mes/
met) boundary downward to the caudal spinal cord.
Moreover, transcripts are present in a narrow stripe of
cells which flanks the floor plate from the mes/met
boundary to the cervical spinal cord and which extends
dorsally in r4 at 10.5 dpc (Figs. 1E and 2B). This domain is
also prominent in the mesencephalon at 11.5 dpc (Fig.
2C). Both columns are joined together from the mes/met
boundary to the anterior limit of r4 (Figs. 1E, 2B, 2C, and
3B), while they are clearly separated downward from r4
(Figs. 2B, 2C, and 3D). GATA-3 is expressed in a pattern
very similar to that of GATA-2, except that its activation
appears to be somewhat delayed and the ventral domain
in r4 extends more dorsally at 10.5 dpc (Figs. 1F, 1H, 2E,
and 2F). In addition, at 11.5 dpc, GATA-2 expression
A-3 (D, E, F) expression in hindbrains at 9.5 (A, D), 10.5 (B, E),
ATA-2 probe, then processed for immunostaining for the Isl-1
hybridization on whole embryos or neural tubes hindbrains were
GATA-2 (A) is expressed ventrally in r4 and more faintly in a
10.5 dpc, GATA-2 (B) expression is observed in a narrow column
he former domain from rostal hindbrain to r4, where the domain
Another feature which distinguishes GATA-3 from GATA-2 is
ary. Isl-1 (G) expression is evidenced in the locus coeruleus, in
dally from rostral r2. It is noteworthy that the domain of Isl-1
trally in the other parts of the neural tube. At 11.5 dpc, GATA-2
esencephalon, with clear downregulation of GATA-3 in r2; the
tends to the mesencephalon and extinguishes in r4 in the case
ly to r4, Isl-1 expression is restricted mainly to the common
activated in neurons of the presumptive facial motor nucleus,
udinal column of motor neuron precursors. lc, locus coeruleus;GAT
a G
situ
5 dpc
. At
uts t
(E).
ound
cau
e ven
the m
te ex
stral
gly
ngitinal nucleus.
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310 Nardelli et al.disappears close to the floor plate in r4 (Fig. 2C), whereas
that of GATA-3 is downregulated in the longitudinal
column at the level of r2 (Fig. 2F).
This analysis points out that (i) GATA-3 is induced in all
sites of expression of GATA-2 in the embryonic CNS,
except in ventral r2 at 9 dpc, and (ii) GATA-3 expression
follows that of GATA-2 temporally.
GATA-2 and GATA-3 Expression Is Associated
with Early Motor Neuron and Interneuron
Precursors
The expression patterns we have described above
strongly suggest that GATA-2 and GATA-3 are activated
in early ventral neuron precursors, such as motor neuron
precursors. However, the expression domains of GATA-2
and GATA-3 appeared to extend more dorsally and in-
clude interneuron precursors, as well. To strengthen this
hypothesis, we compared expression of both genes with
that of Isl-1, a transcription factor of the LIM family
known to be expressed by all motor neuron precursors
(Ericson et al., 1992).
At 10.5 dpc, Isl-1 expression is localized in the serotonin-
ergic neurons of the locus coeruleus, the motor nuclei III
and IV, and the column of motor neuron precursors from r2
to the caudal end of the neural tube (Figs. 2G and 8A;
Ericson et al., 1992). Furthermore cells of the presumptive
trigeminal motor nucleus (nV), which are migrating dor-
sally in r2, exhibit expression of Isl-1, but no expression of
GATA-2 or GATA-3 is observed in such dorsal cells (Figs.
2B, 2E, and 8A).
At 11.5 dpc, Isl-1 expression in r2 has almost disap-
peared ventrally, but it is maintained in cells of the nV
which have terminated their dorsal migration (Fig. 2H).
GATA-2 and GATA-3 are not activated in these dorsal
cells. Consistently, ventral cells of the presumptive facial
motor nucleus (nVII), migrating from r4 to r6, are positive
for Isl-1, but negative for GATA-2 or GATA-3 (Figs. 2C,
2F, and 2H).
According to these data, the longitudinal column of
cells expressing GATA-2 and GATA-3 appears to span
more dorsally than the column of cells expressing Isl-1.
Double labeling of whole-mount neural tubes for
FIG. 3. Transverse cryosections of 10.5-dpc neural tubes which hav
(A to E) and GATA-3 (F to J) probe. The level of the different section
(A and F) sections through the common oculomotor nucleus in t
through r4, (D and I) sections through r6, (E and J) sections through t
faintly expressed in the ventricular than in the subventricular zone
(B and G) Both genes are expressed throughout the mediolateral axi
of cells which juxtapose the floor plate. In r4, GATA-2 (C) is activ
floor plate. GATA-3 (H) is very strongly activated laterally in ventr
In r6 GATA-2 (D) expression is observed in two distinct domains:
throughout the neural tube. GATA-3 (I) activation is barely detectab
GATA-2 (E) is activated ventrally in both the ventricular and the s
expression is restricted to the subventricular zone. Scale bar, 30 mm in
Copyright © 1999 by Academic Press. All rightGATA-2 and Isl-1 has provided evidence for overlap of
the Isl-1 and GATA-2 expression domains (Fig. 2G). Ex-
cept in r4, where both markers are colocalized, the most
ventral cells immunoreactive for Isl-1 antibody do not
express GATA-2, whereas the more dorsal cells appear
either to be intermingled with cells expressing GATA-2
or to express both GATA-2 and Isl-1. Cellular costaining
for both markers will be necessary to distinguish between
these possibilities.
Taken together these data strongly suggest that expres-
sion of GATA-2 and GATA-3 is initiated between 9 and
11.5 dpc in motor neuron and interneuron precursors.
Lack of expression in migrating precursors of motor neu-
rons leads us to conclude that, unlike Isl-1, GATA-2 and
GATA-3 expression is restricted to poorly differentiated
neuronal precursors. Such precursors correspond either to
proliferating cells localized in the ventricular zone of the
neural tube or to precursors which have just exited the
cell cycle and migrated into the subventricular zone.
Hence, we next sought to localize GATA-2- and
GATA-3-expressing cells in the mediolateral axis and in
particular to determine whether such cells are in the
ventricular and/or subventricular zones of the neural
tube. For this purpose we analyzed GATA-2 and GATA-3
expression in transverse sections of neural tubes from
10.5-dpc embryos which had been whole-mount hybrid-
ized with either probe.
We find that GATA-2 is expressed along the anteropos-
terior axis both in dividing cells of the ventricular zone
and in the subventricular zone (Figs. 3A, 3B, 3D, and 3E),
except in r4 where the expression appears to be almost
absent from the ventricular zone (Fig. 3C). In contrast,
GATA-3 expression is expressed only weakly in the ven-
tricular zone and is localized mainly in the subventricu-
lar zone (Figs. 3F, 3H, 3I, and 3J). The only exception is
observed in r1, where clear expression of GATA-3 is
observed in cells of the ventricular zone (Fig. 3G). Fur-
thermore, in the spinal cord, GATA-2 and GATA-3 acti-
vation appears to be excluded from the mantle layer,
which contains cells further advanced in the process of
neuronal differentiation (Figs. 3E and 3J).
These data strongly suggest that GATA-2 and GATA-3
may be involved in the early stages of differentiation of
en processed for whole-mount in situ hybridization with a GATA-2
presented on the schema, which illustrates a 10.5-dpc neural tube:
esencephalon, (B and G) sections through r1, (C and H) sections
inal cord. In the common oculomotor nucleus, GATA-2 (A) is more
ereas GATA-3 (F) activation is limited to the subventricular zone.
he ventral neural tube in r1, with a marked activation in a cluster
in a ventral domain, the most lateral part of which extends to the
but its expression gradually declines toward the ventricular zone.
close to the floor plate and a more dorsal one, expanding laterally
ose to the floor plate and in the ventricular zone. In the spinal cord,
ntricular zone, but is excluded from the mantle layer. GATA-3 (J)e be
s is re
he m
he sp
s, wh
s of t
ated
al r4,
one
le cl
ubveA, B, C, D, F, G, I, and H and 40 mm in E and J.
s of reproduction in any form reserved.
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312 Nardelli et al.FIG. 4. In situ hybridization analysis of GATA-3 (A, B) in GATA-2 2/2 embryos and of Hoxb1 and Hoxb2 in wild-type (C, E) and GATA-2
2/2 (D, F) hindbrains. No GATA-3 expression is observed in the flat-mounted mesencephalon and hindbrain of GATA-2 2/2 embryos, at
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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313GATA-2 and GATA-3 in the Developing Mouse CNSmotor neurons and ventral interneurons. In addition, the
fact that GATA-3 appears to be activated not only with a
slight delay in comparison with GATA-2, but also princi-
pally in cells outside of the ventricular zone, led us to
suspect the existence of a hierarchy in the regulation of
both genes, according to which GATA-3 activation would
depend on the expression of GATA-2.
Interaction between GATA-2 and GATA-3 during
Early Neuronal Differentiation
To address possible genetic interaction between
GATA-2 and GATA-3 in the early developing neural
tube, we examined the expression of GATA-3 in GATA-2
2/2 embryos (Tsai et al., 1994). No expression of
GATA-3 could be detected in the CNS of GATA-2 2/2
embryos at 9.5 (Fig. 4A) or 10.5 dpc (Fig. 4B). Therefore,
GATA-3 activation in the developing CNS requires the
expression of GATA-2. Further analysis will be necessary
to assess whether transcriptional control of GATA-3 by
GATA-2 is direct or indirect. In contrast, GATA-3 ex-
pression in peripheral sites, such as the first branchial
arch and the mesonephric ridge, areas in which GATA-2
is not expressed, is not altered in GATA-2 2/2 embryos
(data not shown).
The early activation of GATA-2 in ventral r4 led us to
address the possible participation of GATA-2 in the mo-
lecular cascades upstream of two Hox genes activated in
r4, Hoxb1 and Hoxb2. The specification of vestibuloa-
coustic and facial branchiomotor neurons in r4 (Simon
and Lumsden, 1993) has been shown to require the acti-
vation of Hoxb1 and Hoxb2 (Studer et al., 1996; Goddard
et al., 1996; Barrow and Capecchi, 1996), which is further
augmented in ventral r4 through a cross-regulatory loop
(Maconochie et al., 1997). In order to assess whether
upregulation of both Hox genes could be affected by the
absence of GATA-2 in ventral r4, we analyzed their ex-
pression in the hindbrain of GATA-2 2/2 embryos at
10.5 dpc. Both Hoxb1 and Hoxb2 are expressed in ventral
r4 at 10.5 dpc, although with a slightly modified pattern
(Figs. 4C, 4D, 4E, and 4F), which appears to result from
structural modifications in r4 rather than from defective
activation of Hoxb1 or Hoxb2 due to the absence of
GATA-2.
Early Neurogenesis Is Severely Impaired in
GATA-2 2/2 Embryos
Analysis of defects of the neurogenesis in GATA-2 2/2
embryos could not be performed later than 10.5 dpc,
because few embryos survive beyond this stage of gesta-
9.5 (A) or 10.5 dpc (B); compare respectively to Figs. 2D and 2E. At
a ventral and a lateral domain, and Hoxb2 (E) is normally expressed
entrodorsal domains in r4, r5, and r6 (E). In the mutant embryos, both
Copyright © 1999 by Academic Press. All rightion (Tsai et al., 1994, and our observations). To search
or neurogenic defects consequent to the loss of GATA-2,
e examined neurofilament staining in whole-mount
ATA-2 2/2 embryos at 10.5 dpc. Although no neuronal
tructure is completely absent, some cranial nerves and
anglia are significantly reduced in size (Figs. 5A and 5B).
otor nerves III and IV are barely visible. Likewise, the
rigeminal, the facial, and the vestibuloacoustic (VIII)
anglia, and especially the corresponding nerves, are re-
uced in size (Figs. 5E and 5F). With regard to VIII, the
ack of GATA-2 expression in the otic vesicle and the
ikely subsequent abnormal development of this vesicle
ay account, at least partially, for its defective differen-
iation. In addition to the reduced size of cranial ganglia
omplexes, the neuronal fibers appear to be generally
isorganized, especially in the mesencephalon and the
ostral hindbrain (Figs. 5C, 5D, 5G, and 5H). In the hind-
rain, the exit point of the trigeminal branchiomotor
erve in r2 is not conspicuous, and immunostaining of
entral r4 is not evident to the same extent as in wild-
ype embryos (Figs. 5G and 5H).
Neurogenesis defects in the hindbrain, in particular
bnormalities of axonal projections from the trigeminal
nd the facial branchiomotor nuclei, exiting respectively
2 and r4, were analyzed by Dil retrograde labeling. A
igh proportion of GATA-2 2/2 embryos (six of eight)
xhibit many fewer axonal projections exiting either r2 or
4, in comparison to wild-type embryos (Figs. 6A, 6C, 6D,
nd 6F). In the other two mutant embryos, the number of
xonal projections was closer to that observed in the
ontrols. However, abnormal accumulations of cell bod-
es in ventral r4 were apparent. Furthermore, very limited
igration of the facial branchiomotor neurons into r5
as observed and the facial visceromotor neurons, nor-
ally generated in r5, were mainly lacking (Figs. 6D and
E). Such early defects in neuronal differentiation could
e due either to decreased proliferation of the neural
rogenitor cells and/or to an arrested differentiation of
eural precursors at an early step in the absence of
ATA-2.
In order to determine whether the population of early
otor neuron precursors is affected by loss of GATA-2, we
xamined the pattern of Isl-1 expression in GATA-2 2/2
embryos. In situ hybridization performed at 10.5 dpc re-
ealed that Isl-1 expression is, in fact, drastically reduced in
high proportion of GATA-2 2/2 embryos (five of seven).
xpression is barely detectable in nIII and nIV and markedly
ecreased in r2 and r4 in comparison to wild-type embryos
Figs. 8A and 8E).
In an effort to provide further insight into how the loss
f GATA-2 affects ventral neuron progenitors, we ana-
dpc, Hoxb1 (C) activation is restricted to r4, with upregulation in
tudinally from the r2/r3 boundary, with an upregulation in distinct10.5
longiHoxb1 (D) and Hoxb2 (F) remain activated in ventral r4.
s of reproduction in any form reserved.
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r4 and very limited migration of FBM into r5, as well as very poor differentiation of FVM. fp, floor plate.
315GATA-2 and GATA-3 in the Developing Mouse CNSFIG. 5. Neurofilament immunostaining on wild-type (A, C, E, G) and GATA-2 2/2 (B, D, F, H) whole-mount embryos at 10.5 dpc. In the
mutant embryos the common oculomotor (III) and trochlear (IV) nerves are barely evidenced, and the trigeminal (V) and the
facial/vestibuloacoustic (VII/VIII) complexes are clearly less developed (compare B, D, F to A, C, E); neuronal fibers appear to be disorganized
in the mesencephalon and the rostral hindbrain (C, D). Ventral views of dissected wild-type (G) and GATA-2 2/2 (H) hindbrains provide
evidence for impaired neurogenesis in ventral r4; the mutant embryos exhibit almost no contralateral migration across the floor plate and
a barely apparent exit point of the trigeminal (black arrowhead) and facial/vestibuloacoustic (white arrowhead) nerves, respectively, in r2FIG. 6. Dil retrograde labeling of axonal projections from the trigeminal (V) (A, B, and C) and the facial/vestibuloacoustic nucleus (VII/VIII)
(D, E, and F). Wild-type (A, D) and GATA-2 2/2 (B, C, E, F) 10.5-dpc embryos were injected at the V and the VII/VIII exit points, respectively,
in r2 and r4. Hindbrains were then flat-mounted, the rostral side at the top and the floor plate on the right. Wild-type embryos injected in
the V exit point exhibit axonal projections of motor neurons from r1, r2, and r3 (A); in mutant embryos (n 5 8), the amount of projections
appears to be either slightly (n 5 2) (B) or drastically (n 5 6) (C) decreased. Injection in the VII/VIII exit point of wild-type embryos in r4
(D) allows tracing of axonal projections in r4 from (i) facial branchiomotor neurons (FBM), which are generated in r4 and have already started
to migrate into r5 toward r6, and (ii) efferent contralateral vestibuloacoustic neurons born in r4, which are about to cross the floor plate
toward the contralateral side; a third population of neurons, the facial visceromotor neuron (FVM), differentiates in r5 and migrates laterally
and anteriorly to the r4 exit point. In GATA-2 2/2 embryos (n 5 8), a very poor labeling of the three populations of neurons (F) is seen in
six cases, whereas in two other cases axonal labeling in r4 is more conspicuous, but is also associated with accumulation of cell bodies inand r4. IX, glossopharyngeal, X/XI, vagal/accessory ganglion complexes.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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316 Nardelli et al.lyzed the expression of other markers which have been
described to be activated in such progenitors. We first
examined expression of ngn-2, a proneural gene encoding
a bHLH regulatory protein and homologous to the Dro-
sophila atonal gene (Ma et al., 1996; Gradwohl et al.,
1996). At 9.5 dpc ngn-2 is activated in three longitudinal
tripes. One arises close to the floor plate and expands
rom the caudal end of the neural tube to the r6/r7 bound-
FIG. 7. In situ hybridization analysis of the expression pattern of
A, B, D, E) and 10.5 dpc (C, F). At 9.5 dpc, ngn-2 is activated in th
ongitudinal domains in the CNS, one spanning the dorsal neural t
7, whereas the other is observed throughout the ventral neural
ignificantly increased; the dorsal one extends to the r1/r2 bound
ntermediary stripe spanning r2, r3, and r4. In GATA-2 2/2 embr
ecreased, whereas it appears to be less affected dorsally and is not
lobally decreased activation of ngn-2, which is more pronouncedry. A second stripe is observed more dorsally from the b
Copyright © 1999 by Academic Press. All rightidbrain to the caudal spinal cord. A third stripe spans
he dorsal spinal cord and shows an anterior limit corre-
ponding to the r6/r7 boundary in the hindbrain (Figs. 7A
nd 7B). At 10.5 dpc ngn-2 expression is remarkably en-
anced and spreads out in two major longitudinal do-
ains. The dorsal domain extends up to the r1/r2 bound-
ry and an additional intermediary stripe appears in
etween the r1/r2 and the r4/r5 boundaries in the hind-
2 in wild-type (A, B, C) and GATA-2 2/2 embryos (D, E, F) at 9.5
ponents of epiplacodal origin of the cranial ganglia, in two main
ith a rostral limit corresponding to the boundary between r6 and
from the midbrain (A, B). At 10.5 dpc (C), both domains have
in addition the gene is expressed more dorsally in r1 and in an
expression in the ventral hindbrain at 9.5 dpc (D, E) is markedly
ified in the cranial ganglia. At 10.5 dpc mutant embryos exhibit a
r4 to r7; no expression is observed dorsally in r1.ngn-
e com
ube w
tube
ary;
yos,
modrain. Cells which have condensed dorsally in r1 main-
s of reproduction in any form reserved.
G317GATA-2 and GATA-3 in the Developing Mouse CNStain expression of ngn-2 (Fig. 7C). In four of five 9.5-dpc
ATA-2 2/2 embryos, expression in the ventral, but not
the dorsal, stripe is clearly decreased, especially rostrally
(Fig. 7E). At 10.5 dpc, both domains appear to be consis-
tently altered in GATA-2 2/2 embryos. In addition to a
lower global activation, ngn-2 expression is absent dor-
sally in r1, and the pattern is clearly affected in the
hindbrain (Fig. 7F).
We also examined the expression of Nkx2.2 (Price et
al., 1992; Hartigan and Rubenstein, 1996) and Nkx6.1
(Qiu et al., 1998), two members of the NKX family of
genes encoding homeobox transcription factors. At 10.5
dpc Nkx2.2 is normally expressed longitudinally
throughout the neural tube in a stripe of cells which
juxtapose the floor plate. This stripe extends dorsally
upward from r4 (Fig. 8B and Qiu et al., 1998). In GATA-2
2/2 embryos this stripe is fainter and narrower, espe-
cially rostrally to r4 (Fig. 8F). Nkx6.1 is also expressed
longitudinally in a ventral column of cells, which spans
at least partially that expressing Nkx2.2 (Fig. 8C and Qiu
et al., 1998) and which is also enlarged in r4. In addition,
expression is observed more dorsally in the presumptive
nV, as well as in a caudal stripe of faintly positive cells,
and exhibiting a rostral limit corresponding to the r3/r4
boundary. In GATA-2 2/2 embryos expression is signif-
icantly reduced and restricted to the ventral longitudinal
column, which appears narrower and shifted further ven-
trally closer to the floor plate (Fig. 8G).
Finally, because of the stickiness of the ventromedial
hindbrain often observed in GATA-2 2/2 embryos at 10.5
dpc, we asked whether the floor plate was properly delin-
eated in such embryos. Using Shh as a marker, we showed
that the delineation of the floor plate is not as distinct in
GATA-2 2/2 embryos compared with controls (Figs. 8D
and 8H).
DISCUSSION
Major Roles of GATA Proteins during Vertebrate
Embryogenesis
Our data provide new insight into the expression and
the genetic interaction of GATA-2 and GATA-3 during
the early steps of differentiation of the mouse embryonic
CNS.
The vertebrate GATA gene family, which includes six
members, is involved in diverse cell differentiation path-
ways during development (Simon, 1995). This family is
further divided into two subgroups: GATA-1, GATA-2, and
GATA-3, which play major roles in the specification and
differentiation of hematopoietic lineages (Pevny et al.,
1991; Tsai et al., 1994; Pandolfi et al., 1995; Ting et al.,
1996; for review Orkin, 1996), and GATA-4, GATA-5, and
GATA-6, which are involved in the differentiation of the
heart and viscerae (Laverriere et al., 1994; Kuo et al., 1997).
Among the six members identified thus far, only two genes,
GATA-2 and GATA-3, have been previously reported as
being expressed in the nervous system. However, the pat-
Copyright © 1999 by Academic Press. All rightterns of expression in the CNS at early stages of develop-
ment have not been established in detail. The only infor-
mation available on the expression of GATA-2 during
neural development concerns the activation of the gene in
autonomic sympathetic ganglia of the chick embryo
(Groves et al., 1995). For GATA-3, a previous report de-
scribed expression in both the peripheral and the central
nervous systems of the mouse embryo (George et al., 1994).
Although expression in the embryonic spinal cord has been
reported, no association between the expression of GATA-3
and any specific type of neuron arising in the CNS has been
described.
Our motivation to examine the pattern, and eventually
to define the role, of GATA-2 and GATA-3 in the embry-
onic neural tube emerged first from our initial experi-
ments, which led us to suspect that a GATA protein
might be implicated in regulatory cascades upstream of
Hoxb2 in the hindbrain (unpublished results). Analysis of
both GATA-2 and GATA-3 expression during early de-
velopment of the mouse neural tube was undertaken to
assess whether either gene might serve as a potential
regulator of Hoxb2 in the hindbrain. Based on expression
data, GATA-2 and/or GATA-3 might effectively partici-
pate in the second regulatory phase of Hoxb2 and also of
Hoxb1 in r4, which results in an upregulation of both
genes in the ventral part of the rhombomere (Maconochie
et al., 1997). Our analysis has not provided evidence for a
clear alteration in the Hoxb2 or Hoxb1 activation in r4 of
GATA-2 2/2 embryos (Fig. 4). However, further investi-
gation is necessary before excluding participation of
GATA-2 in the molecular cascades upstream of Hoxb1 or
Hoxb2. On the other hand, expression patterns strongly
suggest that GATA-2 and GATA-3 could be part of the
molecular pathways downstream of Hoxb1 and Hoxb2 in
r4. Our data from Dil retrograde tracing (Fig. 6) do not
show a segment-restricted alteration of neurogenesis in
the hindbrain, which suggests that expression of GATA-2
in ventral r2 and r4 is not strictly associated with a
putative role in the specification of motor neurons along
the longitudinal axis.
Sequential Expression of GATA-2 and GATA-3 in
Early Ventral Neuronal Precursors
According to our expression data, GATA-2 and
GATA-3 are activated in early ventral neuronal precur-
sors, including motor neuron and ventral interneuron
precursors (Figs. 1, 2, and 3). A critical function for
GATA-2 in the differentiation pathway of motor neurons
is inferred from the poor differentiation of the oculomo-
tor (III), trochlear (IV), trigeminal (V), and facial (VII)
nerves documented by neurofilament immunostaining
(Fig. 5) and Dil axonal tracing (Fig. 6) in GATA-2 2/2
embryos. Except in r4, GATA-2 expression overlaps only
a subpopulation of motor neuron precursors, as the most
ventral Isl-1-positive cells do not express GATA-2 (Fig.
2). Our experiments do not allow us to determine
whether the overlap of the most dorsal Isl-1-positive pre-
s of reproduction in any form reserved.
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319GATA-2 and GATA-3 in the Developing Mouse CNScursors and GATA-2 expression corresponds to cellular
coexpression of both markers and/or to intermingling of
cells expressing either of them. Both motor neurons and
ventral interneurons are derived from common progeni-
tors and generated by different Shh concentrations
(Tanabe et al., 1995; Ericson et al., 1996). Hence, GATA-2
could be associated with such common progenitors and
also be implicated in the differentiation of ventral inter-
neurons. This hypothesis could be validated by providing
evidence for altered expression of markers associated
with ventral interneuron precursors, such as En-1 (Matise
et al., 1996) and Dbx1 (Shoji et al., 1996).
Our data demonstrate that GATA-3 expression follows
hat of GATA-2 during CNS development (Figs. 1 and 2).
he lack of expression of GATA-3 in the CNS of GATA-2
/2 embryos (Fig. 4) is consistent with this temporal
equence and also demonstrates that GATA-3 expression
uring early differentiation of the neural tube is dependent
n functional GATA-2. The finding that GATA-3, unlike
ATA-2, is principally activated in cells that have exited
he cell cycle (Fig. 3) suggests that GATA-3 is recruited by
eural progenitors once they have become committed to
he neuronal differentiation pathway. Coexpression of
ATA-2 and GATA-3 raises the possibility of functional
edundancy and poses a question as to the potential role of
ATA-3 in the specification of particular subtypes of neu-
ons. Although structural defects of the spinal cord have
een reported in the GATA-3 mutant embryos at 11.5 dpc
Pandolfi et al., 1995), no data concerning the differentia-
ion of specific types of neurons in such mutants are avail-
ble yet.
GATA-2 Plays an Important Role at Early Stages
of Neuronal Differentiation
Impaired differentiation of cranial motor nuclei re-
vealed by neurofilament immunostaining (Fig. 5), Dil
tracing (Fig. 6), and the defective expression of Isl-1 and
Nkx6.1 in GATA-2 2/2 embryos (Fig. 8) implies that
GATA-2 plays an important role in the early mechanisms
which underlie the generation of neuronal precursors in
the ventral neural tube. The defects seen upon loss of
GATA-2 could be explained by two nonexclusive hypoth-
eses. GATA-2 loss could affect proliferation and/or sur-
vival of early ventral progenitors, triggering an overt de-
FIG. 8. In situ hybridization analysis of the expression patterns o
) in flat-mounted hindbrains of wild-type (A, B, C, D) and GATA
uch lower levels in the ventral hindbrain and spinal cord of GATA
n a longitudinal stripe of cells lining the floor plate, with a dorsal ex
f the gene is more ventrally restricted, especially from r4 to the ro
xpression similar to that of Nkx2.2, except that it spans more do
ownward from the r4/r5 boundary. In GATA-2-mutant embryos (
o be closer to the floor plate; no expression is observed more dors
he floor plate cells, is well defined in wild-type hindbrains (D), bu
xpression in GATA-2 2/2 embryos (H). lc, locus coeruleus; nV, trigem
Copyright © 1999 by Academic Press. All rightletion of such progenitors. Alternatively, a block at an
arly step of progenitor cell differentiation might ensue
n its absence. Indeed, the marked reduction in the num-
er of cells especially expressing Nkx6.1 and ngn-2 is
onsistent with depletion of ventral progenitors. The re-
uced thickness of the neural tube in the GATA-2 2/2
mbryos further supports this hypothesis. Hence, as pre-
iously described during early hematopoiesis (Tsai et al.,
994), GATA-2 might be required during early neurogen-
sis to maintain the pool of ventral neuron progenitors.
nvolvement of GATA-2 in proliferation of these progen-
tors could be assessed by providing evidence first, for the
olocalization of GATA-2 expression and BrdU staining
n the ventricular cells of the ventral neural tube, and
econd, by a decrease in BrdU staining in GATA-2 2/2
mbryos. On the other hand, impaired survival of
ATA-2 2/2 neural progenitors could be confirmed by
emonstration of enhanced apoptosis.
Such a likely role for GATA-2 in proliferation and/or
urvival of ventral neuron progenitors does not preclude
role later during the differentiation of these progenitors.
he fact that very limited migration of neuronal precur-
ors, either ventrodorsally as in r2 or rostrocaudally as
rom r4 to r6, is observed in GATA-2 2/2 embryos
trongly suggests that the ability of such precursors to
igrate and/or to differentiate is impaired. The poten-
ial roles of GATA-2 in the proliferation/survival and/or
he differentiation of ventral neuronal progenitors could
e linked to Nkx2.2 and Nkx6.1. Indeed, cooperativity
etween NKX and GATA proteins has been described
uring heart development (Durocher et al., 1997; Lee
t al., 1998; Sepulveda et al., 1998), and it is possible
hat such cooperation occurs during neuronal differenti-
tion.
Finally, the depletion of ventral neural progenitors might
e expected to affect the development of the neural tube
nd to trigger structural modifications in a global fashion.
his is supported by the observations that the neural tube
f GATA-2 2/2 embryos is consistently reduced in thick-
ess and that ngn-2 expression is affected dorsally in the
indbrain, where GATA-2 is not expressed. Most GATA-2
/2 hindbrains appear to be difficult to open and flatten in
he medioventral neural tube. In fact, the fuzzy domain of
hh activation suggests that there are some modifications
o the floor plate.
(A, E), Nkx2.2 (B, F), Nkx6.1 (C, G), and Sonic hedgehog (Shh) (D,
2 (E, F, G, H) embryos at 10.5 dpc. Isl-1 appears to be activated at
/2 (E) than of wild-type (A) embryos. Nkx2.2 is normally expressed
ion upward from r4 (B). In GATA-2 2/2 embryos (F), the expression
of the hindbrain. Wild-type embryos show a Nkx6.1 (C) pattern of
y and includes the trigeminal nucleus and a mediodorsal column
e ventral expression of Nkx6.1 is restricted ventrally and appears
even in the trigeminal nucleus. Shh expression, which delineates
ibits irregularities with regard to the level and the delineation off Isl-1
-2 2/
-2 2
tens
stral
rsall
G), th
ally,
t exhinal ganglion.
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